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ABSTRACT 
 
The efficacies of 11 plant-derived antimicrobials were evaluated against Escherichia coli in vitro 
in solution at room temperature. These included lemongrass, cinnamon, and oregano essential oils 
and their active components (citral, cinnamaldehyde, and carvacrol, respectively). Allspice and 
clove bud oils and olive, green tea, and grape seed extracts were also studied. The efficacies of the 
antimicrobials were both concentration- and exposure time-dependent. The essential oils and their 
active components demonstrated statistically significant >5.0-log10 reductions within 1-10 
minutes. The plant extracts were less effective; green tea and grape seed extracts required 24 hours 
before significant reductions were observed (1.93-log10 and 5.05-log10, respectively). 
Nevertheless, olive extract exhibited a reduction of ~5-log10 within 30 minutes. Most of these 
plant-derived compounds exhibited strong bactericidal activity and can potentially be applied as 
alternatives to chemicals for foods/food contact surfaces since they are Generally Recognized As 
Safe (GRAS) for human consumption. They may also be useful in applications in which other 
antimicrobials have reduced efficacy (e.g., in the presence of organics) or used with sensitive 
populations that are unable to tolerate exposure to harsher chemicals (e.g., elderly care facilities). 
These compounds could be used alone, in combination, or with fast-acting antimicrobials to 
provide a long-lasting residual. 
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INTRODUCTION 
 
Volatile or essential oils are aromatic viscous liquids that are responsible for the fragrance of plants 
[1] and are obtained from various plant materials (e.g., flowers, buds, seeds, leaves, twigs, bark, 
herbs, wood, fruits, and roots). Plant extracts are obtained from many of these same sources but 
are available in the form of a powder. Numerous plant essential oils and extracts are of particular 
interest since many have been shown to possess antibacterial, antiviral, antifungal, insecticidal, 
and antioxidant properties. [2-24] 
 
Essential oils may have as many as 60 individual components [25-26] and therefore often have 
multiple effects on the bacterial cell. [3] They may cause deterioration of the cell wall [3, 27], damage 
to the cell membrane [28] and membrane proteins [29], increased membrane permeability and the 
leakage of cell contents [3, 28], coagulation of the cytoplasm [30], reduction of the proton motive 
force [29], inactivation of essential enzymes [1, 31-32], and disturbance of genetic material 
functionality. [31]  
 
Essential oils and extracts often have a dominant antimicrobial or active component which may 
account for greater than 50% of the chemical composition. [3] For example, eugenol is the primary 
active component in clove bud oil (up to 85% of its composition) [33-34] and accounts for its 
antioxidant properties. [35] Likewise, citral can account for up to 85% of the composition of 
lemongrass oil [36], the carvacrol content of oregano oil can be as high as 85% [18], and the 
cinnamaldehyde content of cinnamon oil can be as high as 86%. [18] 
 
Extracts of olive pulp, grape seeds, and green tea contain members of the phenolic family. Catechol 
and epicatechin are two forms of simple phenols whose mechanism of action include substrate 
deprivation and membrane disruption. [37-38] The high concentrations of epicatechin and catechin 
in grape seed extract and caffeic acid and epicatechin in green tea extracts account for their high 
antioxidant activities. [39] 
 
Many of these plant compounds are Generally Recognized As Safe (GRAS) for human 
consumption. [12, 40-41] Oregano oil has been used to add flavor to foods including salad dressings, 
tomato sauces, and pizzas. [18] Lemongrass is widely used for food flavoring, as a fragrance 
component in perfumes, and for its analgesic and anti-inflammatory characteristics. [41-42] 
Cinnamon oil is also used as a flavoring agent in various foods. [43] 
 
In the current study, we compared the antimicrobial efficacy of three essential oils, oregano oil, 
lemongrass oil, and cinnamon oil, with their primary active components (carvacrol, citral, and 
cinnamaldehyde, respectively) against Escherichia coli in vitro. In addition, we examined five 
other plant essential oils and extracts (clove flower bud oil, allspice oil, olive extract, green tea 
extract, and grape seed extract) for their antimicrobial efficacy against Escherichia coli. 
 
MATERIALS AND METHODS 
 
Preparation of Escherichia coli and Plant Antimicrobials 
 
Escherichia coli strain 25922 was obtained from the American Type Culture Collection (ATCC; 
Manassas, VA). Long-term stocks of the E. coli were stored at -80°C in fetal bovine serum and the 
bacterium was maintained on tryptic soy agar (TSA; Difco, Sparks, MD). Prior to the start of each 
experiment, an Erlenmeyer flask containing 100 mL of Tryptic Soy Broth (TSB; Difco, Sparks, 
MD) was inoculated with the organism and incubated on an orbital shaker (Model G33; New 
Brunswick Scientific, Edison, NJ) set to 300 revolutions per minute (rpm) at 37°C overnight. After 
incubation, the E. coli were pelleted via centrifugation (9,820 × g, 15 minutes, 20°C). The pelleted 
cells were washed twice to remove organics by resuspension in 100 mL of physiological saline 
(0.85% NaCl) followed by centrifugation as described previously. The final pellet was re-
suspended in 10 mL of sterile phosphate buffered saline (PBS; pH7.4; Sigma-Aldrich, St. Louis, 
MO). The test bacterial suspensions were then prepared by adding small volumes of the 
concentrated bacterial suspension to 10 mL of sterile PBS, resulting in an optical turbidity 
(measured using a BIOLOG turbidimeter, Hayward, CA) equaling a McFarland number 0.5 optical 
density standard. This is equivalent to approximately 1.5×108 colony-forming units (CFU)/mL. 
This solution was then diluted further in sterile PBS to achieve the desired final test concentration 
(approximately 1.0×107 CFU/mL). 
 
Oregano, cinnamon, lemongrass, allspice, and clove bud essential oils were obtained from Lhasa 
Karnak Herbal Co. (Berkley, CA). Citral (mixture of cis and trans, >96%), carvacrol (>98%), and 
cinnamaldehyde (93%) were purchased from Sigma-Aldrich (St. Louis, MO). Green tea 
polyphenols extract was obtained from LKT Laboratories, Inc. (St. Paul, MN), grape seed extract 
was obtained from Swanson Health Products (Fargo, ND), and olive extract was obtained from 
CreAgri, Inc. (Hayward, CA). The plant antimicrobials were diluted to the specific concentrations 
needed for the experiments (volume to volume or weight to volume; vol/vol or wt/vol) using sterile 
PBS. Alcohol was not used to dilute the sometimes viscous antimicrobials because of the potential 
for alcohol to enhance the antimicrobial efficacy of the solutions. 
 
Experimental Protocol 
 
The plant extracts, essential oils, and their active components were each evaluated in separate 
experiments. Screening trials consisted of systematically examining each plant antimicrobial for 
efficacy against E. coli. The method consisted of identifying appropriate working concentrations 
of the antimicrobials that are able to cause significant reductions. Initially, the essential oils and 
their active components were evaluated at 0.1% and 1.0% (vol/vol) concentrations and the extracts 
at 1.0% and 2.0% (wt/vol). These concentrations were chosen based on our previous experience 
working with these plant antimicrobials. These concentrations were then adjusted up or down as 
needed based on the experimental results to determine the working concentrations that were 
rapidly effective against E. coli. A control with E. coli in PBS but no added antimicrobial was also 
included in each experiment. Purified stocks of the bacteria were added separately to the 
antimicrobial solutions (to a final concentration of ~1.0×107 CFU/mL) and the flasks were placed 
on an orbital shaker (Model G33; New Brunswick Scientific, Edison, NJ) at 300 rpm for the 
duration of the experiment. Experiments were performed in triplicate at room temperature (24°C) 
in 10-mL volumes of PBS (pH 7.4) in 50 mL polypropylene conical tubes (Becton Dickinson and 
Company, Franklin Lakes, NJ). At predetermined time intervals (typically between one and 30 
minutes of exposure; up to 24 hours for some extracts), 100-µL samples were collected and placed 
in Dey Engley (D/E) neutralizing broth (Difco, Sparks, MD) at a ratio of 1:10. The D/E was 
included since simultaneous studies were being conducted with other antimicrobials that required 
this neutralizer. D/E has been used in similar studies in the past with plant antimicrobials. [44] The 
D/E was also used to neutralize the plant antimicrobials via dilution. The samples were assayed 
immediately as described below. 
 
Assay for Bacteria 
 
The surviving bacteria were enumerated by performing 10-fold serial dilutions in sterile saline 
buffer solution (0.85% NaCl) and spread plating on duplicate plates of Eosin Methylene Blue Agar 
(EMB; Becton, Dickinson and Company, Sparks, MD). The plates were incubated for 18 to 24 
hours at 37°C and the bacterial colonies counted.  
 
Antimicrobial Neutralization Experiments  
 
In order to verify that the antimicrobials were sufficiently neutralized by dilution in D/E, a series 
of neutralization tests were performed with all concentrations of each plant antimicrobial in which 
a PBS solution containing the desired concentration of the antimicrobial was placed into D/E (1 
mL into 9 mL). The solution was mixed thoroughly and then approximately 1.0×107 CFU of E. 
coli were added. The solution was mixed thoroughly again and then allowed to sit for five minutes 
at room temperature. Ten-fold serial dilutions were assayed on EMB agar plates as described 
previously. If the antimicrobials had been completely neutralized, it was expected that there would 
be no reduction in E. coli numbers in comparison to the controls with PBS alone (no antimicrobials 
added).  
 
Statistical Analyses 
 
The data were log-transformed to ensure a normal distribution. Data were reported as the 
logarithmic reduction using the formula log10 (N0 / Nt), where N0 was the population of E. coli at 
time zero and Nt was the surviving population at time t. A Student’s t-test was used to determine 
if there were significant differences between the control and the antimicrobial treatments (the 
reduction at each time exposure with the antimicrobial was compared to the control at the end of 
the experiment, typically after 30 minutes). Differences were considered statistically significant if 
the resultant P value was ≤0.05. Differences between the reductions observed between various 
concentrations for each antimicrobial were evaluated for statistical significance using a Student’s 
t-test.  
 
Differences between the reductions observed between separate experiments with different 
antimicrobials (e.g., lemongrass oil versus cinnamon oil) were also evaluated for statistical 
significance using a Student’s t-test. To allow for statistical comparisons between the reductions 
observed between different plant antimicrobials in separate experiments, the average log10 
reduction in each experiment for the controls (at the end of the experiment, typically after 30 
minutes) was subtracted from the reductions reported for each sample exposed to an antimicrobial 
(for all time exposure intervals) in order to normalize the reductions. When this resulted in a 
negative value, a reduction of 0.0-log10 was substituted. These normalized data were used for the 
Student’s t-tests. The differences between the reductions were not statistically compared once the 
numbers had fallen to below the limit of detection (<50 CFU/mL) for both tests because there is 
no way of accurately determining if these reductions were different. 
 RESULTS AND DISCUSSION 
 
No reductions in E. coli numbers were observed in the neutralization tests with any of the plant 
antimicrobials in comparison to the PBS controls (with no antimicrobials). Therefore, the dilution 
of samples by 1:10 in D/E was confirmed to completely neutralize all of the antimicrobials at the 
experimental concentrations.  
 
The reductions observed in the controls (no added antimicrobials) by the end of the experiment 
(either 30 minutes or 24 hours) ranged from no reduction to 0.58-log10 (Average=0.10-log10). 
These were subtracted from the reductions reported for each treated sample (Tables 1-6) to allow 
for direct statistical comparisons between experiments. 
 
Comparison between Essential Oils and their Active Components 
 
Tables 1 through 3 show the results for lemongrass oil, cinnamon oil, and oregano oil in 
comparison to their active components citral, cinnamaldehyde, and carvacrol, respectively. 
Lemongrass oil concentrations of 0.05% and 0.3% were both highly effective, with >4-log10 
reductions in E. coli populations within 10 and five minutes of exposure, respectively. The higher 
concentration yielded statistically significant reductions (P≤0.05 in comparison to the control) 
more rapidly than the lower concentration. In addition, the reduction observed at five minutes with 
the 0.3% lemongrass oil (4.37-log10) was significantly greater (P=0.00055) than that observed with 
the 0.05% concentration (0.55-log10). The detection limit of the assay (<50 CFU/mL) was reached 
within five and 10 minutes of exposure for the high and low concentrations, respectively 
(equivalent to >5.94 and >5.62 log10 reductions).  
 
The reductions observed with 0.05% and 0.1% citral were also rapid, with statistical significance 
reached within five minutes of exposure for both. The 0.1% citral treatment yielded a significantly 
greater reduction in the E. coli population than the 0.05% citral at every time interval. Interestingly, 
the 0.05% citral, although more rapidly effective than the 0.05% lemongrass oil (with a 
significantly greater reduction than lemongrass oil after five minutes), did not yield reductions as 
great with longer time exposures. In fact, the reductions observed for the 0.05% lemongrass oil 
were significantly higher than the 0.05% citral for both the 20- and 30-minute exposure times. In 
contrast, the 0.1% citral was equally as effective (P=0.52) as the 0.3% lemongrass oil, yielding 
4.13-log10 and 4.37-log10 reductions, respectively after five minutes of exposure, and reductions 
to below the detection limit thereafter (<50 CFU/mL or >5.53 and >5.94 log10 reductions, 
respectively).  
 
The results for cinnamon oil and its active component cinnamaldehyde are shown in Table 2. 
Cinnamon oil was tested at concentrations of 0.8% and 1.25%. The 0.8% trial produced a 
significant reduction (P=0.000001) of 2.20-log10 within one minute of exposure. The numbers of 
surviving bacteria at all subsequent time intervals were below the detection limit of the assay (<50 
CFU/mL; >6.15-log10 reduction). The number recovered following exposure to the 1.25% 
concentration was below the detection limit (>5.53-log10; P=8.6×10-10) within one minute of 
exposure.  
 
Cinnamaldehyde concentrations of 0.1% and 0.2% were evaluated. The 0.1% trial produced a 
significant reduction of 2.01-log10 after 15 minutes (P=0.019) in comparison to the control); the 
0.2% trial produced a significant reduction (P=0.001) of 0.69-log10 within one minute of exposure. 
Although much lower concentrations of cinnamaldehyde were tested in comparison to the 
cinnamon oil, similar reductions were observed, albeit with longer exposure times. For instance, 
0.2% cinnamaldehyde resulted in a 5.11-log10 reduction after 10 minutes, whereas 1.25% 
cinnamon oil exhibited a >5.53-log10 reduction after 1 minute. 
 
The results for oregano oil and its primary active component carvacrol are shown in Table 3. Both 
were tested at a concentration of 0.02%. A significant reduction (P=0.009 in comparison to the 
control) of 0.48-log10 was observed within five minutes with the 0.02% carvacrol, whereas 20 
minutes was required for the oregano oil (P=0.033; 0.72-log10 reduction). Greater reductions 
(P≤0.05) were observed with the 0.02% carvacrol than with the oregano oil at each common time 
exposure. At higher concentrations of 0.05% and 0.04% for oregano oil and carvacrol, 
respectively, the E. coli populations were reduced to below the detection limit (>5.35-log10 or 
>5.67-log10) within five minutes of exposure.  
 
Limited information regarding the efficacy of essential oils in comparison to their active 
components is available. Most studies tend to focus on either a specific essential oil or active 
component. In a few studies, crude essential oils have been found to be more effective than their 
individual components [45-46], suggesting additive or possibly synergistic effects between the 
components. In the current study, we examined the efficacy of three essential oils and their 
corresponding active components against E. coli. Our results demonstrated that two of the active 
components, citral and carvacrol, were more effective, (often at lower concentrations) than their 
corresponding essential oils. Delaquis et al. [47] observed similar findings with individual fractions 
of cilantro and dill essential oils. In the current study, citral was more rapidly effective, yet did not 
produce reductions as great as lemongrass oil with longer exposure periods. These differences may 
be at least partially explained by the relative proportion of the active component found in the 
essential oil. For instance, the carvacrol content of oregano oil may be as high as 85% and the 
cinnamaldehyde content of cinnamon oil as high as 86%, depending on their geographical origin. 
[18] Lemongrass oil contains multiple components including citral (57.5%), citral diethylacetal 
(24.7%), limonene (6.4%), citral acetate (2.1%), myrcene (1.2%), and methyl heptenone (1.2%). 
[42] 
 
Comparing the antimicrobial efficacies of plant extracts, essential oils, and their active components 
allows for the establishment of a catalog of effective options. The efficacy of each of the plant 
antimicrobials included in the current study appears to be both concentration- and exposure time-
dependent. Therefore, both concentration and exposure time are key factors that should be 
considered prior to their use. Other factors such as cost, availability, and organoleptic (sensory) 
properties will all affect the usage of essential oils or their active components against pathogens in 
various applications. Essential oils, although usually not quite as effective as their active 
components, exhibited significant antimicrobial activity. They are usually far less expensive to 
produce than their active components since there are fewer extraction or purification steps. They 
may also have less pungent organoleptic properties. Essential oils may therefore be a more viable 
option for use as an antimicrobial product. Future strategies could include combining essential oils 
or their active components with other plant extracts or essential oils, or with chemical agents such 
as chlorine. [48]  
 
Efficacy of Other Plant Antimicrobials 
 
The two higher concentrations of clove bud oil (0.5% and 1.0% vol/vol) were rapidly effective 
(Table 4), causing a significant reduction (P≤0.05) within one minute of exposure (populations 
below the detection limit; <50 CFU/mL, equivalent to >5.52-log10 and >5.45-log10 reductions, 
respectively). The 0.06% concentration was also fairly effective, resulting in a significant 
reduction (P=0.007) of 0.32-log10 in the E. coli population within five minutes; nonetheless, this 
concentration required 30 minutes of exposure to reduce the population to a level that was below 
the detection limit of the assay (<50 CFU/mL; >5.35-log10) in some of the replicate samples. The 
differences between the reductions observed with the two higher concentrations and the 0.06% 
concentration were statistically significant (P≤0.05) at all of the time exposures with the exception 
of 30 minutes (in which all had at least one of the replicate samples that was below the detection 
limit of the assay and thus, could not be directly compared).  
 
In contrast, a two-fold increase in allspice oil from 0.5% to 1.0% resulted in a vast difference in 
antimicrobial efficacy (Table 5). No reductions were observed with the lower concentration within 
30 minutes of exposure, whereas a highly significant reduction (P=0.00002 in comparison to both 
the control and the 0.5% treatment) of >5.52-log10 was found with the 1.0% treatment after one 
minute of exposure and every time point thereafter. 
 
Clove bud and allspice oils and their active component, eugenol, have previously been shown to 
be effective against several foodborne pathogens. [8, 44, 49-51] These oils were similarly effective in 
the current study, showing no survivors (>5.52-log10 reductions) in E. coli populations within one 
minute of exposure at low concentrations (0.5% and 1.0%, respectively). 
 
The results for the experiments conducted with olive extract are shown in Table 6. The 1.0% and 
the 2.5% concentrations were both effective, yielding similar statistically significant (P≤0.05 in 
comparison to the control) log10 reductions in E. coli populations at the earlier exposure time 
intervals (i.e., 15 and 20 minutes). Nevertheless, the 2.5% treatment exhibited significantly greater 
reductions (P≤0.05) than the 1.0% treatment with longer exposure times (i.e., 25 and 30 minutes). 
Limited data is available regarding the antimicrobial efficacy of olive pulp extracts; nonetheless, 
with nearly a 5-log reduction observed within 30 minutes of exposure, this extract is also highly 
effective against E. coli and could be useful as an antimicrobial in various applications. 
 
Green tea extract and grape seed extract (Table 7) were only tested at higher concentrations (6.0% 
and 5.0% wt/vol, respectively) and for longer exposure times (up to 24 hours) based on the results 
of preliminary studies (data not shown). Concentrations higher than this are difficult to dissolve in 
the PBS test solution. These two extracts were not nearly as effective as the other antimicrobials 
included in this study (significant differences of P≤0.05 when comparing reductions after ≤ five 
minutes of exposure versus hours of exposure to green tea and grape seed extracts). Nonetheless, 
they did produce significant reductions (1.93-log10, P=0.011 and >5.05-log10, P=0.0008, 
respectively) in the E. coli population after 24 hours of exposure. Grape seed extract was 
significantly more effective than the green tea extract (P=0.00004). 
 
Previous studies with grape seed extract have demonstrated poor antibacterial efficacy [52]; 
however, in one study, grape seed extract was shown to be effective against Gram-positive 
methicillin-resistant Staphylococcus aureus (MRSA) strains. [53] Multiple studies with plant 
antimicrobials have indicated that some are more effective against Gram-positive bacteria than 
they are against Gram-negative bacteria. [3, 34, 47] This might explain why both grape seed extract 
and green tea extract had limited efficacy against the Gram-negative E. coli in the current study, 
requiring 24 hours to achieve a significant reduction. 
  
Statistical Comparison of Plant Antimicrobial Efficacy 
 
The most effective concentrations of each antimicrobial were compared to determine their relative 
antimicrobial efficacy. These included 0.3% lemongrass oil, 0.1% citral, 0.2% cinnamaldehyde, 
0.05% oregano oil, 0.04% carvacrol, 0.5% clove bud oil, 1.0% allspice oil, 2.5% olive extract, 
6.0% green tea extract, and 5.0% grape seed extract. A concentration of 0.8% cinnamon oil was 
chosen for the statistical comparisons over the 1.25% cinnamon oil since this lower concentration 
was still highly effective (complete reduction of >6.15-log10 within five minutes).  
 
Clove bud oil and allspice oil were the most rapidly effective antimicrobials tested, with >5.52-
log10 reductions observed within one minute of exposure. This was significantly greater than the 
reductions observed with any of the other antimicrobials tested (P≤0.05). Cinnamon oil and 
cinnamaldehyde were also found to result in significantly greater reductions in the E. coli 
populations within one minute of exposure than lemongrass oil or its active component citral 
(P≤0.05). Cinnamon oil worked significantly better (P=0.0036) than oregano oil after one minute. 
No differences were observed between the reductions for oregano oil and either lemongrass oil 
(P=0.34), citral (P=0.76), or cinnamaldehyde (P=0.30) after one minute. 
 
After five minutes of exposure, several changes in efficacy were observed. Oregano oil was found 
to be more effective than lemongrass oil (P=2.63×10-5) and cinnamaldehyde (P=0.0043) and 
equally as effective as citral (P=0.057). Although cinnamon oil was still more effective than 
lemongrass oil and citral (P=2.0×10-8 and P=0.003, respectively), these two antimicrobials in turn 
were found to be significantly more effective than cinnamaldehyde (P=0.0194 and P=0.0447, 
respectively). Carvacrol, which had not been tested at a one-minute exposure time, was found to 
be more effective than lemongrass oil (P=5.3×10-8), citral (P=0.008), and cinnamaldehyde 
(P=0.0003) after five minutes.  
 
All of the plant essential oils and their active components were more rapidly effective against E. 
coli than olive extract. For instance, the reductions observed after one minute with clove bud and 
allspice oils (>5.52-log10 each) were significantly greater than the reduction observed for olive 
extract after 30 minutes (4.81-log10) (P=0.0058). Cinnamon oil, oregano oil, and carvacrol were 
more effective after five minutes than olive extract after 30 minutes (≥5.35-log10 vs. 4.81-log10; 
P≤0.05). Lemongrass oil was more effective within five minutes than olive extract within 25 
minutes (4.37-log10 vs. 3.39-log10; P=0.003). And finally, citral and cinnamaldehyde were more 
effective within five minutes than olive extract within 20 minutes (4.13-log10 and 3.01-log10, 
respectively vs. 2.24-log10 for olive extract; P=0.0041 and P=0.033, respectively).  
 
In general, the efficacy of the various plant extracts, essential oils, or their active components 
against E. coli was found to occur in the following ranking (from the most effective to the least 
effective based on their rapidity of action and the results of the statistical comparisons): 
 
Clove Bud Oil = Allspice Oil > Cinnamon Oil = Carvacrol > Oregano Oil > Lemongrass Oil > 
Citral > Cinnamaldehyde > Olive Extract >>> Grape Seed Extract > Green Tea Extract 
 
With the exception of carvacrol, essential oils were more effective than the individual active 
components. The individual active components were in turn more effective than the plant extracts. 
A summary of the time required for each concentration of the plant-derived antimicrobials to 
achieve a 99% or 2.0-log10 reduction in E. coli is provided in Table 8. 
 
CONCLUSION 
 
In the current study, we tested several plant-derived compounds with antimicrobial activities that 
make them promising candidates for use as antimicrobials. This study provides information 
regarding the potential concentrations and/or exposure times that would be required to achieve a 
particular desired log reduction in E. coli using these plant-derived antimicrobials. An advantage 
that natural antimicrobials might have over many traditional antimicrobials such as chlorine is that 
they likely have a longer lasting residual efficacy. [54] In addition, they are GRAS compounds [3, 
55-58] and may therefore be used in situations in which toxic antimicrobials could not. As such, 
probably the most obvious use for plant antimicrobials is as food sanitizers for meats and fresh 
fruits and vegetables throughout the various stages of production from the processing plant, to the 
grocery store, to the consumer household. Unlike many other antimicrobials such as chlorine, plant 
antimicrobials are not sensitive to organic matter. [54] Therefore, they could potentially promote a 
longer shelf life for food products because of their longer lasting residual effect. [54] Even the green 
tea extract and the grape seed extract were fairly effective with long exposure times; therefore, 
these could be used in situations in which a rapid kill is not required. Or they could be used in 
combination with a rapidly effective antimicrobial to provide an additional long-lasting residual 
effect. Since these plant compounds are GRAS, a food sanitizer based upon these antimicrobials 
would only need to undergo minimal regulatory testing prior to its use.  
 
One great challenge when employing plant essential oils/extracts as food sanitizers is the problem 
of compatibility with respect to odor and taste. Whether they are derived from fruits or vegetables, 
all have specific aromatic notes. It is important to take advantage of these aroma notes and pair 
oils/extracts with compatible food items, much like how wine and cheeses are paired. For example, 
green tea extract could be used with apples, lemons, and other fruits traditionally combined with 
hot and cold tea drinks. Grape seed extract could potentially be applied to grapes, strawberries, 
and other vine-based fruits. While further testing is needed to elucidate the best olfactory pairings, 
the potential combinations are abundant. Many essential oil source products such as garlic and 
oregano are staples of many cuisines worldwide. Additionally, spices such as cinnamon and 
allspice are commonly added to foods as flavor additives. An effort should also be made to use the 
lowest effective concentrations, which should then minimize the aromatic and sensory effects and 
also serve to lower costs. Future work could include the testing of combinations of these plant-
derived antimicrobials for the control of pathogenic bacteria such as E. coli in foods as well as 
tests to determine the compatibility of these compounds with various food types and flavors. 
 
Plant extracts, essential oils, or their active components could be used in a wide variety of other 
applications as well. For instance, they could potentially be used as preservatives in cosmetics and 
lotions, they could be used to coat textiles (e.g., antimicrobial grocery bags), added to laundry or 
dishwashing detergents, or used in antimicrobial surface coatings or in liquid or spray applications 
to disinfect fomites (inanimate surfaces). Since they are considered GRAS, they can provide a non-
toxic alternative to harsh chemical disinfectants in applications in which such chemicals are 
undesirable. For instance, they could be used in venues with sensitive populations such as in 
elderly care facilities, hospital intensive care units, and day care centers or schools. 
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Table 1. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to various concentrations (vol/vol) of lemongrass oil or its active component, citral in 
PBS.  
 
Time 
(min) 
Lemongrass Oil Citral 
0.05 % 0.3 % 0.05 % 0.1 % 
         
1 0.02 ±  0.08 0.00 c ±  0.00 0.01 b ±  0.03 0.23 bc ±  0.11 
         
5 0.55 bc ±  0.32 4.37 ab ±  0.01 1.47 abc ±  0.19 4.13 ab ±  0.54 
          
10 4.79 a ±  1.44 > 5.94 a ±  0.00 2.58 ab ±  0.76 > 5.53 ab ±  0.00 
          
20 > 5.62 ac ±  0.00 > 5.94 a ±  0.00 3.52 abc ±  0.35 > 5.53 ab ±  0.00 
         
30 > 5.62 ac ±  0.00 > 5.94 a ±  0.00 4.30 abc ±  0.62 > 5.53 ab ±  0.00 
         
 
* Inoculated with 2.1×107 CFU/mL, 4.3×107 CFU/mL, 1.7×107 CFU/mL, and 2.5×107 
CFU/mL for the experiment with 0.05% lemongrass oil, 0.3%, lemongrass oil, 0.05% citral, 
and 0.1% citral, respectively. The experiments were conducted in triplicate. 
a The reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the two concentrations of each 
antimicrobial. 
c Reductions were significantly different (P ≤ 0.05) between the comparable concentrations 
(i.e., low versus low and high versus high concentration) of the essential oil and its active 
component. 
 
 
Table 2. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to various concentrations (vol/vol) of cinnamon oil or its active component, 
cinnamaldehyde in PBS.  
Time 
(min) 
Cinnamon Oil Cinnamaldehyde 
0.8 % 1.25 % 0.1 % 0.2 % 
         
1 2.20 ab ±  0.07 > 5.53 abc ±  0.00 ND 0.69 ac ±  0.04 
         
5 > 6.15 ac ±  0.00 > 5.53 ac ±  0.00 0.01 bc ±  0.07 3.01 abc ±  0.40 
          
10 > 6.15 a ±  0.00 > 5.53 a ±  0.00 ND 5.11 a ±  0.91 
          
15 > 6.15 ac ±  0.00 > 5.53 a ±  0.00 2.01 ac ±  0.58 ND 
         
30 > 6.15 a ±  0.00 > 5.53 a ±  0.00 4.92 a ±  0.62 > 5.64 a ±  0.00 
          
 
ND Not determined. 
*  Inoculated with 8.9×107 CFU/mL, 1.7×107 CFU/mL, 2.4×107 CFU/mL, and 2.4×107 
CFU/mL for the experiment with 0.8% cinnamon oil, 1.25%, cinnamon oil, 0.1% 
cinnamaldehyde, and 0.2% cinnamaldehyde, respectively. The experiments were conducted 
in triplicate. 
a The reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the two concentrations of each 
antimicrobial. 
c Reductions were significantly different (P ≤ 0.05) between the comparable concentrations 
(i.e., low versus low and high versus high concentration) of the essential oil and its active 
component. 
Table 3.  Reduction (Log10 ± standard deviation)* in the populations of Escherichia coli after 
exposure to various concentrations (vol/vol) of oregano oil or its active component, carvacrol in 
PBS. 
 
Time 
(min) 
Oregano Oil Carvacrol 
0.02 % 0.05 % 0.02 % 0.04 % 
         
1 0.00 ±  0.05 0.32 ±  0.53 ND ND 
         
5 0.10 bc ±  0.09 > 5.35 ab ±  0.00 0.48 abc ±  0.10 > 5.67 ab ±  0.00 
          
10 0.36 bc ±  0.28 > 5.35 ab ±  0.00 0.98 abc ±  0.05 > 5.67 ab ±  0.00 
          
20 0.72 ab ±  0.38 > 5.35 ab ±  0.00 ND ND 
         
30 1.00 abc ±  0.49 > 5.35 ab ±  0.00 2.27 abc ±  0.22 > 5.67 ab ±  0.00 
         
 
ND Not determined. 
*  Inoculated with 1.3×107 CFU/mL, 1.1×107 CFU/mL, 2.4×107 CFU/mL, and 2.4×107 
CFU/mL for the experiment with 0.02% oregano oil, 0.05%, oregano oil, 0.02% carvacrol, 
and 0.04% carvacrol, respectively. The experiments were conducted in triplicate. 
a The reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the two concentrations of each 
antimicrobial. 
c Reductions were significantly different (P ≤ 0.05) between the comparable concentrations 
(i.e., low versus low and high versus high concentration) of the essential oil and its active 
component. 
Table 4. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to various concentrations of clove bud oil (vol/vol) in PBS. 
 
Time 
(min) 
Clove Bud Oil 
0.06 % 0.5 % 1.0% 
       
1 0.00 a ±  0.08 > 5.52 †b ±  0.00 > 5.45 †b ±  0.00 
       
5 0.32 †a ±  0.10 > 5.52 †b ±  0.00 > 5.45 †b ±  0.00 
        
10 1.20 †a ±  0.26 > 5.52 †b ±  0.00 > 5.45 †b ±  0.00 
        
20 2.85 †a ±  0.68 > 5.52 †b ±  0.00 > 5.45 †b ±  0.00 
       
30 > 4.34 †a ±  0.98 > 5.52 †a ±  0.00 > 5.45 †a ±  0.00 
        
 
*  Inoculated with 1.3×107 CFU/mL, 2.3×107 CFU/mL, and 2.3×107 CFU/mL for the 
experiment with 0.06%, 0.5%, and 1.0% clove bud oil, respectively. The experiments were 
conducted in triplicate. 
† Reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
a, b Statistically significant (P ≤ 0.05) differences per exposure time for clove bud oil 
concentration (within a row) are indicated by different letters (a or b). The same letter within 
a row indicates that there was no significant difference between the reductions observed 
between the different concentrations (e.g., at 30 minutes). Differing letters within the same 
row indicate that the reductions were statistically different (e.g., at 1 minute). 
 
 
Table 5. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to two different concentrations (vol/vol) of allspice oil in PBS. 
 
Time 
(min) 
Allspice Oil 
0.5% 1.0% 
     
1 0.00 b ±  0.16 > 5.52 ab ±  0.00 
     
5 0.00 b ±  0.05 > 5.52 ab ±  0.00 
      
10 0.00 b ±  0.17 > 5.52 ab ±  0.00 
      
20 0.00 b ±  0.08 > 5.52 ab ±  0.00 
     
30 0.00 b ±  0.04 > 5.52 ab ±  0.00 
      
 
*  Inoculated with 6.6×106 CFU/mL and 2.3×107 CFU/mL for the experiment with 0.5% and 
1.0% allspice oil, respectively. The experiments were conducted in triplicate. 
a Reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the two different allspice oil 
concentrations. 
 
 
 
 
 
 
Table 6. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to two different concentrations (wt/vol) of olive extract in PBS. 
 
Time 
(min) 
Olive Extract 
1.0% 2.5% 
     
15 1.02 a ±  0.15 1.22 a ±  0.25 
     
20 2.29 a ±  0.11 2.24 a ±  0.12 
      
25 2.73 ab ±  0.11 3.39 ab ±  0.15 
      
30 3.08 ab ±  0.01 4.81 ab ±  0.23 
      
 
*  Inoculated with 1.5×107 CFU/mL and 1.2×107 CFU/mL for the experiment with 1.0% and 
2.5% olive extract, respectively. The experiments were conducted in triplicate. 
a Reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the two different olive extract 
concentrations. 
 
 
 
 
 
 
 
Table 7. Reduction (Log10 ± standard deviation)* in the population of Escherichia coli after 
exposure to 6.0% green tea extract (wt/vol) or 5.0% grape seed extract (wt/vol) in PBS. 
 
Time 
(hours) Green Tea Extract  Grape Seed Extract 
     
1 ND 0.00 ±  0.01 
       
4 0.00 ±  0.08 0.00 ±  0.05 
       
6 0.00 ±  0.00 0.03 ±  0.09 
        
24 1.93 ab ±  0.03 > 5.05 ab ±  0.00 
      
 
ND Not determined. 
*  Inoculated with 4.0×107 CFU/mL and 1.8×107 CFU/mL for the experiment with green tea 
extract and grape seed extract, respectively. The experiments were conducted in triplicate. 
a Reduction was statistically significant (P ≤ 0.05) in comparison to the control (with no 
antimicrobial). 
b Reductions were significantly different (P ≤ 0.05) between the green tea extract and grape 
seed extract experiments. 
 
 
 
 
 
 
 
Table 8. Concentration and time required for plant-derived antimicrobials to achieve a 2.0-log10 
or 99% reduction (T99) in Escherichia coli. 
 
Antimicrobial Type Concentration  (%) 
T99  
(min) 
    
Clove Bud Oil Essential Oil 0.06 20 
  0.5* 1 
  1.0 1 
Allspice Oil Essential Oil 0..5 > 30 
  1.0* 1 
Cinnamon Oil Essential Oil 0.8* 1 
  1.25 1 
Carvacrol Active Component 0.02 30 
  0.04* 5 
Oregano Oil Essential Oil 0.02 > 30 
  0.05* 5 
Lemongrass Oil Essential Oil 0.05 10 
  0.3* 5 
Citral Active Component 0.05 10 
  0.1* 5 
Cinnamaldehyde Active Component 0.1 15 
  0.2* 5 
Olive Extract Extract 1.0* 20 
  2.5 20 
Green Tea Extract Extract 6.0* > 1440 
Grape Seed Extract Extract 5.0* 1,440 
       
 
* Lowest recommended concentration based on the experimental results to provide a rapid 
reduction in E. coli numbers. 
